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ABSTRACT
We present the results of deep Chandra and XMM-Newton observations of a complex
merging galaxy cluster Abell 2256 (A2256) that hosts a spectacular radio relic. The
temperature and metallicity maps show clear evidence of a merger between the western
subcluster and the primary cluster. We detect five X-ray surface brightness edges.
Three of them near the cluster center are cold fronts (CFs): CF1 is associated with
the infalling subcluster; CF2 is located in the east of the primary cluster and CF3 is
to the west of the primary cluster core. The other two edges at cluster outskirts are
shock fronts (SFs): SF1 near the radio relic in the NW has Mach numbers derived
from the temperature and the density jumps respectively of MT = 1.62± 0.12 and
Mρ = 1.23± 0.06; SF2 in the SE has MT = 1.54± 0.05 and Mρ = 1.16± 0.13. In the
region of the radio relic there is no evidence for the correlation between X-ray and
radio substructures, from which we estimate an upper limit for the inverse Compton
emission, and therefore set a lower limit on the magnetic field (∼ 450 kpc from primary
cluster center) of B> 1.0 µG for a single power-law electron spectrum or B> 0.4 µG
for a broken power-law electron spectrum. We propose a merger scenario including a
primary cluster, a subcluster, and a group. Our merger scenario accounts for the X-ray
edges, diffuse radio features, and galaxy kinematics, as well as projection effects.
Key words: galaxies: clusters: individual: Abell 2256 – galaxies: clusters: intracluster
medium – X-rays: galaxies: clusters
1 INTRODUCTION
In the hierarchical structure formation of the Universe,
galaxy clusters form through subcluster mergers. Merg-
? chong.ge@uah.edu
† ming.sun@uah.edu
ing galaxy clusters are ideal astrophysical laboratories to
study hydrodynamical processes such as shocks, turbulence,
and particle acceleration, as well as the nature of dark
matter (e.g. Markevitch & Vikhlinin 2007). Gas bulk mo-
tion in mergers can produce density discontinuities be-
tween gas of different entropies that can be seen as sur-
face brightness edges in X-ray observations of the intraclus-
c© 2019 The Authors
ar
X
iv
:2
00
5.
10
83
8v
1 
 [a
str
o-
ph
.G
A]
  2
1 M
ay
 20
20
2 Ge et al.
ter medium (ICM). These X-ray edges indicate either cold
fronts (CFs) or shock fronts (SFs). Both CFs and shocks pro-
vide novel tools to study ICM physics like thermal conduc-
tion, Kelvin-Helmholtz (KH) instabilities, magnetic fields,
viscosity, and electron-ion equipartition (e.g. Markevitch &
Vikhlinin 2007; Zuhone & Roediger 2016).
A2256 (z = 0.058) is a nearby massive galaxy cluster
with an estimated total mass of ∼ 1015 M (Berrington et
al. 2002). Optical observations of the galaxy distribution and
kinematics decompose the cluster into three separate com-
ponents: a primary cluster, a subcluster, and a group (e.g.
Berrington et al. 2002; Miller et al. 2003). Multiple X-ray
observations show substructures of the ICM. The ROSAT
observation reveals two X-ray peaks in the cluster center
and indicates a merger between the primary cluster and the
western subcluster (Briel et al. 1991). The Chandra image
shows a sharp brightness edge at the south of the subcluster,
and that edge is confirmed to be a CF from the tempera-
ture jump (Sun et al. 2002). The XMM-Newton temperature
map shows a bimodal temperature structure in the cluster
center and another CF in the east of the primary cluster
(Bourdin & Mazzotta 2008). The Suzaku spectrometer esti-
mates a radial velocity difference of ∼ 1500 km s−1 in gas
bulk motions between the primary cluster and the subclus-
ter (Tamura et al. 2011). Extensive radio observations reveal
spectacular radio substructures including a prominent radio
relic, a fainter radio halo, and several head-tail radio galax-
ies (e.g. Clarke & Ensslin 2006; Kale & Dwarakanath 2010;
van Weeren et al. 2012; Owen et al. 2014; Trasatti et al.
2015). Especially, the prominent radio relic in A2256 is the
second brightest one among all known relics (Feretti et al.
2012). With an extension of ∼ 1.0× 0.5 Mpc, it is similar
to the so-called “roundish” relics, but its sharp edges and
extensive filamentary features suggest a closer connection
to cluster merger shocks (Feretti et al. 2012). It could be
similar, e.g. to relics like the Sausage (e.g. Di Gennaro et
al. 2018), but seen partially face-on. Together with the X-
ray observations, the relic indicates a dynamically complex
merging galaxy cluster.
In this work, we exploit deep Chandra observation,
along with XMM-Newton data, optical and radio observa-
tion (Fig. 1) to provide a possible picture for merging history
of this dynamically complex system. We assume a cosmol-
ogy with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7. At
the A2256 redshift of z = 0.058, 1 arcsec = 1.123 kpc. Errors
reported in the paper are 1σ unless noted otherwise.
2 X-RAY DATA ANALYSIS
We process the Chandra ACIS observations in Table 1 with
the Chandra Interactive Analysis of Observation (CIAO;
version 4.11) and calibration database (CALDB; version
4.8.2), following the procedures in Ge et al. (2019a). There
were four ACIS observations between 1999 and 2001, with
a total exposure of 38.2 ks (26.3 ks of clean exposure). The
results from these early data were presented in Sun et al.
(2002). We chose not to include these early data in our analy-
sis as they either were severely affected by background flares
or had significant uncertainty in calibration (especially the
1999 data). The new data are much deeper than the old
data. The new data, taken from Aug. 14, 2014 to Sep. 26,
G5
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Figure 1. A three color image from red: VLA 1.4 GHz (Owen
et al. 2014), green: SDSS r-band (Aguado et al. 2019), and blue:
Chandra 0.7−2.0 keV including point sources. Yellow boxes and
labels mark the bright cluster galaxies discussed in Sec. 4.4.
2014, also have about the lowest particle background level
in 1999− 2019, ∼ 40% lower than those in 2009 and 2019
when the particle background levels were around the high-
est. Thus in this study, we focus on the new deep data taken
in 2014. We have verified that our final conclusions in this
paper are not affected by including the early Chandra data.
We also reduce the XMM-Newton EPIC data with the
Extended Source Analysis Software (ESAS), as integrated
into the XMM-Newton Science Analysis System (SAS; ver-
sion 17.0.0), following Ge et al. (2019a). There are nineteen
observations available in the XMM-Newton archive within
one degree of A2256 center. However, most of them are af-
fected by severe flares. We analyze only the six observations
with more stable backgrounds listed in Table 1.
The spectra are fitted with XSPEC (version: 12.10.1)
and AtomDB (version: 3.0.9). The Galactic column density
NH = 4.97× 1020 cm−2 is taken from the NHtot tool (Will-
ingale et al. 2013). We also check the NH values from the
spectral fitting of several individual regions, they are consis-
tent with the above value.
3 RESULTS
3.1 Gas property maps
We use the Contour Binning algorithm (Sanders 2006) to
generate spatial regions from Chandra image for detailed
gas property maps. After masking the point sources, a
signal-to-noise ratio of 80 is selected, which requires ∼ 6400
background-subtracted counts per region in the 0.7−2.0 keV
band. Fig. 2 shows the resultant temperature and metallicity
maps. We overlap the X-ray and radio contours from Chan-
dra and VLA intensity respectively on these gas property
maps.
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Table 1. Chandra and XMM-Newton observations
Obs-ID PI Exp (ks) Clean Exp (ks)
Chandra
16129 L. Rudnick 45.1 44.5
16514 L. Rudnick 45.1 44.5
16515 L. Rudnick 43.8 43.2
16516 L. Rudnick 45.1 44.3
XMM-Newton
0112500101 F. Jansen 25.4/25.4/22.0 23.6/24.2/18.1
0112950601 M. Turner 16.5/16.5/12.5 10.5/11.7/0.0
0112951501 M. Turner 14.3/14.3/10.5 8.5/8.6/5.6
0112951601 M. Turner 16.4/16.4/13.0 10.3/10.5/4.9
0141380101 R. Fusco-Femiano 18.4/18.5/33.2 8.6/8.3/5.9
0141380201 R. Fusco-Femiano 18.4/18.4/22.0 10.7/10.6/9.1
Note: XMM-Newton exposures are for MOS1, MOS2, and pn.
The structures in these maps show clear evidence of
a merger between the western subcluster and the primary
cluster. These maps are consistent with the maps presented
in Sun et al. (2002) with the early Chandra data. The maps
reveal abrupt temperature variations in the ICM, suggesting
the presence of CFs and candidate shocks, which are marked
and analysed in more detailed in Sec. 3.2. CF1 is the south-
ern edge of a subcluster penetrating into the primary cluster
environment. CF2 and CF3, clearly detected in the Chan-
dra image of Fig. 3, may be sloshing CFs of the primary
cluster (discussed in Sec. 4.5). SF1 and SF2 are two possible
shocks induced by the merger. Trasatti et al. (2015) suggest
a shock near SF1 only based on a temperature jump from
the XMM-Newton data. A hot bow-like region to the east of
CF2, presumably a post-shock region, is also identified by
the XMM-Newton temperature map (Bourdin & Mazzotta
2008).
The metallicity map shows a higher metallicity in the
western subcluster core, which is likely a cool core (CC)
remnant (Rossetti & Molendi 2010) undergoing stripping
during the infall. The stripped gas from CC at the west also
shows a higher metallicity than that of the surroundings.
The higher metallicity near CF2 implies some displaced gas
likely from the primary cluster CC.
3.2 Cold fronts and merger shocks
In order to confirm the X-ray edges indicated in Fig. 2, we
extract surface brightness profiles (SBPs) from the Chan-
dra intensity map and apply a Gaussian gradient magni-
tude (GGM) filter (Sanders et al. 2016) as in Fig. 3. Near
the cluster center, we detect three X-ray edges, which are
also highlighted by the GGM. We extract the SBPs from el-
liptical annuli within the sector regions in Fig. 3 and then fit
the SBPs with different power-law functions inside and out-
side the edges (Sarazin et al. 2016). Then we also extract the
temperature profiles near the edges in the same regions. All
three edges are CFs based on the density and temperature
jumps as summarized in Table 2. CF1 is marked by the in-
falling subcluster and has been discovered in early Chandra
data (Sun et al. 2002). CF1 hosts a concave bay structure,
which is discussed in Sec. 4.1. CF2 is located in the east
of the primary cluster and separates cold gas from the hot
ambient cluster gas; it is consistent with the one detected in
the XMM-Newton data (Bourdin & Mazzotta 2008). CF3 is
located near the primary cluster core and is reported here
for the first time.
The temperature map in Fig. 2 indicates potential
shocks in the cluster outskirts, from where we detect two
additional new edges as shown in Fig. 3. We fit their SBPs
with a one power-law or two power-law model. As shown in
Table 2, the two power-law model improves the fit signifi-
cantly and confirms the existence of the surface brightness
edges. Thus these edges are confirmed to be SFs. We esti-
mate their Mach number from equations in e.g. Sarazin et
al. (2016)
Mρ =
√
3ρJ
4−ρJ , MT =
√
8TJ−7+[(8TJ−7)2 +15)]1/2
5
, (1)
where ρJ = ρ2/ρ1 and TJ = T2/T1 are density and temperature
jumps, ρ1, ρ2, T1, and T2 are the density and temperature
in the upstream and downstream of the shock. The resul-
tant Mach number of SF1 in the NW is MT = 1.62± 0.12
or Mρ = 1.23± 0.06. SF2 in the SE has Mach number of
MT = 1.54± 0.05 or Mρ = 1.16± 0.13. The discrepancy be-
tween MT and Mρ may be from projection (i.e. shock prop-
agation is not in the plane of the sky), while MT is more
accurate; as the temperature jump should be less sensitive
to the projection effect. For both shocks, the pre-shock tem-
perature is ∼ 5.5 keV and post-shock temperature is ∼ 8.5
keV. The lower temperature of the first data point in NW
temperature profiles may be due to the cooler gas seen ∼ 400
kpc across in projection, which is stripped from the subclus-
ter CC. SF1 is near the radio relic. However, the radio relic
NW boundary is not coincident with the SF1, as shown in
Fig. 3. The apparent offset of ∼ 150 kpc between relic and
SF1 is discussed in more detailed in Sec. 4.5.
In order to verify these weak shocks, we also extract
SBPs from the XMM-Newton data, although there are not
enough counts in the XMM-Newton data to constrain tem-
perature profiles. The XMM-Newton results (Fig. 3 and Ta-
ble 2) are consistent with the Chandra results.
3.3 X-ray counterparts of radio sources and
bright galaxies
The X-ray properties of some prominent radio sources and
bright galaxies in Fig. 1 are also examined. The radio sources
are from Miller et al. (2003) and bright galaxies are dis-
cussed in Sec. 4.4. The X-ray point sources are detected with
CIAO routine WAVDETECT. Among twelve sources in Table 3,
seven are detected by WAVDETECT. We extract X-ray spectra
of these sources with local background from each Chandra
observation. We then combine the spectra and their associ-
ated response files with CIAO combine_spectra. The X-ray
emission of these sources can come from thermal coronae
(e.g. Sun et al. 2007), or active galactic nuclei (AGNs), or
their combination. Thus we fit the combined spectra with
an absorbed thermal (metallicity fixed to 0.8 Z; Sun et al.
2007) or power-law model and compare their results. In some
cases, the thermal model (APEC) results in a much higher
temperature (> 3.0 keV) than those of thermal coronae (∼
1 keV; Sun et al. 2007), while the power-law model results
in a reasonable index for AGNs (Γ ∼ 1.5− 2.0; e.g., Kim et
MNRAS 000, 000–000 (2019)
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Figure 2. Left : Gas temperature map with a unit of keV. Green contours are from Chandra X-ray intensity to show two X-ray peaks
in the cluster center. A dashed magenta contour is from VLA radio intensity (Owen et al. 2014) to show an outline of the radio relic.
The temperature map reveals a merger between the western subcluster and the primary cluster. The figure identifies five discontinuities,
two shock fronts and three cold fronts, with further details presented in Fig. 3. The bar at bottom right shows 3 arcmin/200 kpc. Right :
Gas metallicity map with a unit of Z. The CCs of primary cluster and subcluster, as well as the stripped gas from CC in the west, show
higher metallicities.
Table 2. Properties of the X-ray edges
Edge ρ jump T jump Mρ MT 1PL χ2/d.o.f. 2PL χ2/d.o.f.
CF1 (C) 1.71±0.23 0.65±0.03 - - - -
CF2 (C) 1.47±0.25 0.85±0.10 - - - -
CF3 (C) 1.74±0.70 0.82±0.08 - - - -
SF1 (C) 1.34±0.09 1.63±0.13 1.23±0.06 1.62±0.12 112.4/40 61.5/38
SF1 (X) 1.32±0.10 - 1.21±0.07 - 121.4/41 80.4/39
SF2 (C) 1.24±0.19 1.54±0.05 1.16±0.13 1.54±0.05 200.9/35 97.9/33
SF2 (X) 1.47±0.20 - 1.32±0.14 - 75.5/35 47.6/33
Note. Density ρ and temperature T jumps of CFs are from the Chandra (C) data. The Mach numbers of SFs are estimated from
the Rankine-Hugoniot jump condition. We also estimate the density jumps of SFs and the corresponding Mach numbers from the
XMM-Newton (X) data. For SFs in the cluster outskirts, we fit the SBPs near the edges with one power-law (1PL) or two power-law
(2PL) model. The chi-squared χ2 and degrees of freedom (d.o.f.) show that 2PL model provides a better fitting than 1PL model.
al. 2004). In such cases, to estimate the upper limit of the
thermal emission, an APEC model with kT = 0.8 keV and
Z = 0.8 Z, was added to the power-law model with Γ= 1.7.
The upper limit of the thermal emission is then estimated
from the APEC normalization error. In the other cases, power-
law model fits a power-law index Γ> 2.4, which implies that
at least part of the X-ray emission may be of thermal origin,
we then re-fit the spectra with an absorbed thermal model.
The best fit temperature and L0.5−2 keV of sources B and G2
are consistent with those of thermal coronae in Sun et al.
(2007). Source A is best fit with a combination of a thermal
and a power-law model (assuming Γ= 1.7). Its thermal tem-
perature is also consistent with that of a thermal corona.
Then we convert the flux to the rest-frame X-ray luminosity
in 0.5− 2.0 keV for thermal model and 2.0− 10.0 keV for
power-law model, respectively. For sources not detected by
Chandra, we estimate a 3σ upper-limit assuming a thermal
(kT = 0.8 keV) or a power-law model (Γ = 1.7). The results
are summarized in Table 3.
4 DISCUSSION
4.1 Bay structure in primary cold front
We notice that the primary cold front CF1 hosts a concave
bay structure (marked by a dashed curved line in Fig. 3).
A close-in view is shown in Fig. 4. The bay structure is
∼ 100− 180 kpc long. This feature is likely induced by a
KH instability (e.g. Walker et al. 2017). At small angles
e.g. ϕ < 30◦, where ϕ is the angle between the perturbation
and the leading edge of a moving cloud, the KH instability
is suppressed by the surface tension of the magnetic field
(e.g. Vikhlinin et al. 2001; Markevitch & Vikhlinin 2007).
However, at large ϕ, the magnetic field surface tension be-
MNRAS 000, 000–000 (2019)
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Figure 3. Up left : The combined Chandra 0.7− 2.0 keV background subtracted, exposure corrected, and smoothed image. Point
sources have been removed and filled with surrounding background. Five regions of interest are defined and their surface brightness
and temperature profiles are shown in the Bottom panels. The dashed lines mark the X-ray edges with density jumps. Up middle:
The XMM-Newton 0.7−1.3 keV mosaic image with background subtracted, exposure corrected and point sources removed/filled. Two
peripheral regions are for comparison with the Chandra surface brightness profiles shown in the Bottom panels. A dashed magenta
contour outlines the radio relic from VLA (Owen et al. 2014). A dashed cyan polygon outlines the region of radio halo from LOFAR
(van Weeren et al. 2012). Up right : The GGM-filtered Chandra image with σ = 16 pixels (Chandra image has been binned by a factor
of 2 thus 1 pixel = 0.984 arcsec). The identified X-ray edges including three CFs and two SFs from the Up left panel are marked. All
edges except for SF1 are significant in the GGM image. Because SF1 is in the low surface brightness region, it is not obvious in the GGM
image. The dashed curved line marks a bay structure of CF1 enlarged in Fig. 4. Bottom : Surface brightness and temperature profiles for
all five edges. Black and green data points are from Chandra and XMM-Newton respectively. Blue and magenta lines are best-fit broken
power-law models to the SBPs. The XMM-Newton profiles are rescaled to offset from Chandra. The dashed lines mark the X-ray edges
with density and temperature jumps. The red dotted line in the NW panel is the edge of radio relic from the dashed magenta contour
in Up middle panel. The apparent offset between the radio relic and SF1 is ∼ 150 kpc in projection.
comes insufficient to stabilize the CF because of a higher
shear velocity and the KH instability starts to grow. The
shear velocity reaches maximum at ϕ ∼ 90◦, where the bay
is located and is a privileged location for the growth of
the perturbations (e.g. Mazzotta et al. 2002). The growth
timescale τ scales with cluster core passage time tcross as
tcross/τ = 3.3 sinϕ L/λ in the case of A3667 (Mazzotta et
al. 2002). tcross/τ of A2256 should be in the same order of
magnitude as for A3667, as these two clusters have simi-
lar properties e.g. temperature of cold and hot gas beside
CF. For A2256, we take L ∼ 1 Mpc for the cluster size,
and λ ∼ 100−180 kpc for the perturbation scale of the bay
structure. Thus tcross/τ is ∼ 20, which indicates that this bay
structure is a young feature (compared with tcross) if it’s from
a KH instability.
It is also noticed that the radio tail of the brightest
narrow-angle tail (NAT) source B (Miller et al. 2003) is
around the bay structure in Fig. 4. Any possible interac-
tion between the radio plasma and the hot gas there needs
to be examined with the better radio data in the future.
4.2 X-ray–radio correlation in the NW relic
As the second brightest radio relic with high local X-ray
surface brightness, A2256 is one of the best targets for us
to perform a cross-correlation between the radio and the X-
ray features. We used two methods to study the X-ray–radio
correlation.
1) Surface brightness comparison. In the top panel
of Fig. 5, we classify the radio relic brightness into three
levels: radio bright (inside the red contour), radio medium
(between the red and the blue contours), and radio faint
(outside the blue contour). We then extract the X-ray SBPs
in two sets of annuli within the cyan N and green NW sec-
tors, respectively. In any particular annulus within a sector,
the Chandra pixels have a similar distance to the cluster
center, but may have different radio brightnesses. We then
examine whether the X-ray and radio brightnesses are cor-
related with each other or not. After normalizing the X-ray
SBPs with the average at each radius, we do not find such
a correlation as shown in Fig. 5.
2) Residual image. In order to remove the large-scale
cluster emission, we fit the Chandra counts image with a
model of (beta2d+const2d)*emap+bkg in Sherpa, where the
MNRAS 000, 000–000 (2019)
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Table 3. X-ray properties of radio sources and bright galaxies
Source RA DEC S1.4 T or Γ L0.5−2 keV L2−10 keV Cstat/d.o.f.
(J2000) (J2000) (mJy) (keV or ) (erg s−1) (erg s−1)
A 17 03 29.5 78 37 55 120.6±0.3 0.8±0.5 (T) & 1.7 (Γ) (3.7±0.7)×1040 (7.8±1.4)×1040 6.2/11
B 17 03 02.9 78 35 56 50.3±0.7 0.9±0.4 (T) (4.2±2.1)×1040 - 8.0/12
C 17 03 30.1 78 39 55 40.7±0.5 1.7±0.3 (Γ) < 2.9×1040 (1.1±0.2)×1041 9.1/12
11.8±7.1 (T) (5.1±0.7)×1040 - 9.5/12
D 17 04 48.2 78 38 29 11.4±0.1 0.8 (T) or 1.7 (Γ) < 8.9×1039 < 2.0×1040 -
F3 17 06 56.4 78 41 09 0.88±0.10 2.0±1.0 (Γ) < 1.8×1041 (4.7±1.7)×1041 16.5/12
4.6±3.3 (T) (2.7±1.0)×1041 - 16.5/12
G 17 03 56.5 78 44 44 5.82±1.00 0.8 (T) or 1.7 (Γ) < 4.0×1039 < 9.2×1039 -
I 17 00 52.3 78 41 21 7.8±0.3 2.2±0.4 (Γ) < 1.7×1040 (3.4±0.7)×1040 6.2/12
3.4±1.5 (T) (3.2±0.6)×1040 - 6.5/12
K 17 02 18.6 78 46 03 1.69±0.10 2.1±0.8 (Γ) < 1.7×1040 (2.3±0.8)×1040 20.8/12
4.2±2.6 (T) (1.7±0.6)×1040 - 19.8/12
G1 17 04 27.2 78 38 25 - 0.8 (T) or 1.7 (Γ) < 9.3×1039 < 2.1×1040 -
G2 17 03 35.6 78 37 45 - 1.3±0.3 (T) (3.9±0.9)×1040 - 23.8/12
G3 17 04 13.6 78 37 43 - 0.8 (T) or 1.7 (Γ) < 8.5×1039 < 1.9×1040 -
G5 17 02 48.2 78 44 28 - 0.8 (T) or 1.7 (Γ) < 4.9×1039 < 1.1×1040 -
The alphabetical designations of prominent radio sources with RA, DEC, and S1.4 are from Miller et al. (2003). X-ray spectra of
these sources are fitted with an absorbed APEC (T) or power-law (Γ) model, or a combination of two for source A. X-ray luminosity
is at rest-frame, 0.5− 2 keV for the thermal model and 2− 10 keV for the power-law model. Sources C, F3, I, and K have much
higher temperature than typical thermal coronae (∼ 1 keV), instead they are better fitted with a power-law model, an upper-limit
is given for possible underlying thermal coronae from joint fitting of a power-law (Γ = 1.7) with a thermal model (kT = 0.8 keV and
Z = 0.8 Z). Sources D, G, G1, G3, and G5 are without X-ray source detection, a 3σ upper-limit is given assuming a thermal (kT =
0.8 keV and Z = 0.8 Z) or a power-law model (Γ = 1.7).
1 arcmin
67 kpc
CF1
Figure 4. Zoom-in Chandra image of a bay structure in CF1. The
bay is ∼ 100− 180 kpc long (dashed circle shows approximately
its curvature). Green contours are from the VLA 1.4 GHz im-
age. The bay may be indicative of KH instability or X-ray–radio
interaction.
beta2d and const2d are 2D beta and constant models for
cluster emission and cosmic background respectively. The
emap and bkg are table models from exposure map and in-
strumental background respectively. We subtract the best-
Table 4. Pearson’s correlation coefficient from simulations
Level 30% 10% 1% 0%
R 0.72 0.31 0.01 -0.02
Note. Pearson’s correlation coefficient of R for simulations of
X-ray image adding scaled radio image. The radio image are
scaled to different levels of X-ray image.
fit model from the counts image to get a residual image. We
then examine the relation between the residual small scale
substructures within 6′′ (similar to the ∼ 5 kpc width of ra-
dio filaments from Owen et al. 2014) circles and the radio
brightness in the region of radio relic (bright radio sources
has been masked). We find a Pearson’s correlation coefficient
of R=−0.02±0.01, which means negligible or no correlation.
To test which level of the small scale substructures could be
revealed, we use simulations of X-ray image adding scaled ra-
dio image with different levels of correlation. The test results
are shown in Table 4, 30% level simulates a strong correla-
tion, 10% level simulates a weak correlation, while 1% level
(similar to the error fluctuation level of X-ray data) implies
little or no correlation. Thus the test suggests that any pu-
tative X-ray substructures are less than 1% correlated with
the radio features at ∼ 5−10 kpc scales.
In summary, no significant X-ray–radio correlations are
found in the relic region of A2256 from these two methods.
4.3 Constraint on the IC emission and B field
The lack of correlation between the radio and X-ray emis-
sion discussed in Sec. 4.2, suggest that the bulk of the X-ray
emission is not due to the inverse Compton (IC) scattering
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Figure 5. Left : X-ray intensity map overlaid with radio contours from VLA. The contours separate the radio brightness into three
regions: radio bright (inside the red contour), radio medium (between the red and the blue contours), and radio faint (outside the blue
contour). The cyan N and green NW sectors are the regions for X-ray SBPs in the Right panel. Right : X-ray SBPs from radio relic
region in two sectors. In the sector NW, regions of narrow tail radio galaxy and stripped gas from X-ray subcluster are masked. Red,
blue, and black points are corresponding to radio bright, medium, and faint regions, respectively. The ratio is the fractional residuals to
the average at each radius. The overall SBPs show that X-ray emission with different radio brightness is consistent with each other so
no X-ray–radio correlation is revealed.
of the same electrons producing the radio relic. The radio
synchrotron radiation is from relativistic electrons circling
around the magnetic field. The same relativistic electrons
also radiate IC emission in X-rays by scattering the cosmic
microwave background (CMB) photons. The luminosity ra-
tio of synchrotron emission to IC emission is
Lsyn
LIC
=
UB
UCMB
, (2)
where UB = B2/8pi and UCMB are the energy density of the
magnetic field and CMB, respectively.
We use a simple, homogeneous model to estimate what
the lack of detected IC emission implies for limits on the
B field in the relic. More specifically, we assume a power-
law function for the electron spectrum integrated over the
entire relic region, i.e., dNe/dγe = Kγ−se with K being a nor-
malization factor and s being the spectral index. Then we
can estimate the differential synchrotron emission flux and
IC emission flux, respectively, by
Fsyn ∝ γe
dNe
dγe
Psyn(γe) = 1.1×10−27Kγ3−se B2µG (3)
where BµG is the strength of the magnetic field in unit of
microGauss, and
FIC ∝ γe
dNe
dγe
Psyn(γe) = 1.3×10−26Kγ3−se , (4)
Bearing in mind that νsyn = 4.2γ2eBµGHz and νIC =
(4/3)γ2e νCMB(1+ z) = 1.6×1011γ2e Hz, we have
FIC(νIC)
Fsyn(νsyn)
= 12
(
νIC/νsyn
4×1010
)(3−s)/2
B−(s+1)/2µG (5)
The radio spectrum in the relic region is consistent with
a single power law of fν ∝ ν−0.92 corresponding to s = 2.84
(Trasatti et al. 2015). Alternatively, there could be a break
around 1 GHz in the spectrum. The radio spectrum in this
case could be described by a broken power law with fν ∝
ν−0.85 for ν < 1.4GHz and fν ∝ ν−1 for ν > 1.4GHz based
on a phenomenological fit (Trasatti et al. 2015). The lower-
frequency fit, however, only depends on two data points, so
the obtained spectral index may be subject to large uncer-
tainty. Here we employ a physically motivated spectrum to
depict the radio emission, by ascribing the break to the ra-
diative cooling of electrons. In this case, the high-frequency
spectrum of fν ∝ ν−1 indicates a spectral index of s = 3 for
electrons above the cooling break, implying an electron spec-
trum with s = 2 below the break or unaffected by the ra-
diative cooling if the injection of electrons and the cooling
rate are constant over time. Such an electron spectrum can
be produced by ongoing acceleration in a strong shock, to-
gether with radiative energy losses in the plasma behind the
shock. Although the inferred low-frequency spectrum in this
case is harder than that found by Trasatti et al. (2015), the
low-frequency radio data can still be well fitted if a slightly
smaller break frequency of ' (200−300)MHz is adopted, as
can be seen in Fig. 6. X-ray emission typically arises from
the IC emission of electrons with energy below the break.
Since we observe no correlation between radio and X-ray
brightnesses, there is no convincing evidence of IC emission.
In the region of radio relic, we estimated a 3σ upper limit for
the IC emission in 0.7−2.0 keV as 3.2×10−14 ergs s−1 cm−2
(Γ = 1.92) or 3.4× 10−14 ergs s−1 cm−2 (Γ = 1.5), which is
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not very sensitive to the spectral index. Based on the upper
limit for the IC emission, we can immediately obtain a lower
limit on the magnetic field based on Eq. 5, i.e., B> 1.2 µG
for the single power law case and B> 0.6 µG for the broken
power law case.
Following the same spirit, as shown in Fig. 6, a numeri-
cal treatment of the radiation processes with better accuracy
of the resulting synchrotron and IC spectrum yields a lower
limit on the magnetic field of B > 1.0 µG for the case of a
single power law electron spectrum and B > 0.4 µG for the
case of a broken power law electron spectrum. The above
analytical results are consistent with the numerical calcu-
lation so we propose that Eq. 5 can be used to obtain the
constraint on the magnetic field conveniently.
One possible caveat may arise from the minimum elec-
tron energy or γe,min in the accelerated electron spectrum.
As is shown by dashed curves in Fig. 6, for a large value of
the minimum electron energy (i.e., γe,min = 103), the IC flux
is suppressed at the soft X-ray band due to the low-energy
cutoff in the electron spectrum, and this may relax the con-
straint from the X-ray flux upper limit on the magnetic field.
Of course, such a large minimum electron energy is not the-
oretically expected in the non-relativistic shocks such as the
merger shock considered in this work, as particles are sup-
posed to be gradually accelerated starting from an energy
much lower than γe,min = 103. Nevertheless, a low-frequency
radio observation at 1− 10MHz could in principle help to
distinguish different γe,min in the electron spectrum. In addi-
tion, based on the theoretical IC spectrum, we may expect
future observations in the MeV–GeV band to provide inde-
pendent constraints on the magnetic field which are unlikely
to be affected by the possible low-energy cutoff. On the other
hand, the maximum electron energy in the accelerated spec-
trum is assumed to be γe,max = 106 in Fig. 6. This quantity is
not very important to this study as long as it is large enough
to produce synchrotron radiation of frequency higher than
10.4 GHz, because no hint of a spectral cutoff feature is seen
in the radio data up to this frequency. This translates to a
requirement γe,max > 5×104(B/1µG)−1/2(νra/10.4GHz)1/2.
If the break in the radio spectrum of the radio relic is
true and it is caused by the radiative cooling of electrons via
the synchrotron radiation and the IC radiation, the Lorentz
factor of the cooling break in the electron spectrum can be
found by assuming the dynamical timescale of the merger
shock to be tdyn, i.e.,
γc = 3.8×103
(
tdyn
0.5Gyr
)−1[
1+
(
B
BCMB
)2]−1
. (6)
where BCMB = 3.6 µG is the equivalent magnetic field for
IC cooling on CMB at z = 0.058. The frequency in the syn-
chrotron spectrum due to the cooling break can then be
given by
νc = 230MHz
(
tdyn
0.5Gyr
)−2(
1+ x2
)−2
x (7)
where x = B/BCMB. Note that the term
(
1+ x2
)−2 x reaches
the maximum value of 3
√
3/16' 0.325 at x = 1/√3, so that
we have νmaxc = 76MHz(tdyn/0.5Gyr)−2. Given a value of νc
determined from the data modelling, the relation then im-
poses a robust requirement on the dynamical age for the
merger shock to be tdyn & 0.25(νc/300MHz)−1/2Gyr in order
to explain the break in the radio spectrum.
On the other hand, if no spectral break appears in the
radio spectrum, the cooling break frequency needs to be ei-
ther higher than the highest frequency of the radio data
(10.4 GHz) or lower than the lowest one (63 MHz). The for-
mer case means a soft injection spectrum with the spectral
slope being 2.84 while the latter case requires a hard spec-
trum of electrons at injection with the spectral slope being
1.84, provided that the injection (acceleration) rate of elec-
trons is constant. The former case can be actually ruled out
using Eq. 7 and bearing in mind B > 1.0 µG (i.e., x > 0.28)
from the X-ray observation, because it would require too
short an age of the merger shock of tdyn < 0.074x1/2/(1+
x2)Gyr6 0.04Gyr. Otherwise, the latter case requires signif-
icant cooling of electron spectrum, implying either compar-
atively strong magnetic field or large dynamical age of the
system. Mathematically, we have tdyn > 0.96x1/2/(1+x2)Gyr
with x> 0.28 in this scenario.
In this section we used a homogeneous model of the ra-
dio relic to estimate a minimum B field strength needed for
IC emission from the synchrotron-loud electrons not to ex-
ceed our upper limits from Chandra. We are aware that a ho-
mogeneous model does not fully describe the relic in A2256,
where the striking radio filaments (Owen et al. 2014) demon-
strate inhomogeneity in the magnetized plasma. However,
detailed modeling of such structures is beyond the scope of
this paper. Our current model also provides a first-order es-
timate of the limit on the average field strength in the relic.
4.4 Optical galaxy distribution and kinematics
We compile a catalog of 541 galaxies in a circular field with
a radius of 46′ (corresponding to 3.1 Mpc at z = 0.058) cen-
tered on A2256 (RA = 255.95 deg, DEC = 78.64 deg). There
are 442 redshifts from the Hectospec Survey of Sunyaev-
Zeldovich-selected Clusters (Rines et al. 2016) sample, 28
records from Miller et al. (2003), and 71 records from
Berrington et al. (2002). Their redshifts range from 0.01 to
0.54.
We fit a Gaussian to the velocity distribution and then
clipped the distribution at ±3σ . The final values for the
clipped distribution were 411. Their histogram distribution
shows as Fig. 7. Their mean velocity is 17430.1 km s−1, with
a standard deviation of 1275.0 km s−1. We apply the Gaus-
sian Mixture Models (GMM) algorithm and the Bayesian
information criterion (BIC; Ivezic´ et al. 2014) to detect pos-
sible components in the velocity distribution. It turns out a
single Gaussian component is optimal. So its merging com-
ponents do not have a large velocity deviation in the line of
sight.
To explore the existence of substructure on the sky
plane, we apply the Dressler-Shectman (DS Dressler &
Shectman 1988; Pinkney et al. 1996) test. It defines a local
kinematic deviation δi for each cluster member (see Pinkney
et al. 1996, for details). For a cluster without substructures
and a Gaussian distribution of the member velocities, the
test statistic ∆ = Σiδi has mean 〈∆〉 = N. Therefore, a value
∆/N > 1 for a cluster is suggestive of a significant presence
of substructures. We obtain ∆/N = 1.53, which implies the
existence of substructures.
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Figure 6. Flux from synchrotron emission and IC emission of
electrons injected from the merger shock. The top panel is for
a single power law electron spectrum and the bottom panel is
for a broken power law electron spectrum. In both panels, the
black, blue, cyan curves correspond to the radiation with different
strength of the magnetic field in the radio relic the values of which
are marked in the labels. We is the total energy of relativistic
electrons in the radio relic where the values before and inside the
brackets correspond to γe,min = 1 and γe,min = 103 respectively. We
can see the X-ray upper limit set by Chandra suggests magnetic
field of B> 1.0 µG for the single power-law electron spectrum or
B> 0.4 µG for the broken power-law electron spectrum.
Fig. 8 shows δi of each cluster member on the plane of
the sky. The radius of each circle is proportional to exp(δi).
The color code shows the velocity deviation from the clus-
ter mean redshift. It is consistent with previous results of
Berrington et al. (2002). There are two regions with an as-
sembly of large circles. The central blue bubbles indicate a
merging subcluster associated with the head-tail radio galax-
ies A and C (Miller et al. 2003). It reveals a system moving
toward us relative to the primary cluster. The red bubbles
on the NW indicate a group with a slightly higher velocity.
They may account for the disturbed shape of radio relic G
and H as suggested by Miller et al. (2003).
We also check the top five brightest galaxies in the field
with the SDSS DR16 photometric data (Aguado et al. 2019).
There are five galaxies brighter than 14.1 magnitude in the
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Figure 7. A line-of-sight velocity histogram of 411 members
galaxies within 46′ of A2256’s center. The solid red line is the
best fitting GMM result of this distribution. The four black verti-
cal lines indicate the line-of-sight velocities of four bright galaxies
G1, G2, G3 and G5.
g-band. Except G4, the other four bright galaxies are all
in the central region of the cluster shown in Figs. 1 and 8.
G4 (RA=252.6650, DEC=78.6519, 38.8′/2.6 Mpc away from
cluster center) is found at the far edge of the field. It does not
appear to be part of the central merging process. Spatially,
G1 and G3 are located in the center of the primary cluster.
Their velocity deviations are less than 500 km s−1 from the
mean. G2 is near the X-ray subcluster and 1500 km s−1 lower
than the mean velocity of the cluster. Thus G2 belongs to
the subcluster. G5 lies in the NW close to the radio relic.
Its velocity is 2500 km s−1 higher than the system and thus
belongs to the NW group described above. To summarize
from the spatial and kinematics information, G1 and G3 are
in the primary cluster, G2 is in the subcluster, and G5 is
in the group. These massive elliptical galaxies, as tracers
of dark matter halos of subclusters, support our merging
scenario in Sec. 4.5.
There are other sophisticated substructure detection al-
gorithms like the MCLUST (Einasto et al. 2012) and the
Blooming Tree (Yu et al. 2018) etc. Since we are mainly
focusing on the X-ray data in this paper. A more detailed
optical kinematic analysis will be carried out in our futrure
work.
4.5 Merger scenario
We reconstruct a possible merger scenario of A2256 based
on the multi-band observations. Our optical kinematics in-
dicate a decomposition of A2256 into a primary cluster, a
subcluster and a group, which is consistent with previous
results (Berrington et al. 2002; Miller et al. 2003). We sug-
gest the division of the merger process into three stages, as
indicated in Fig. 9.
(A) An early passage (Miller et al. 2003) of what’s now
the NW group (Gr) perturbs a CC that initially sat within
the primary cluster (PC). The Gr passage drives the CC
subsequent sloshing around the gravitational potential min-
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Figure 8. Distribution of galaxies on the sky, associated with
their kinematic deviation δi from the DS method, superimposed
on green contours from the XMM-Newton mosaic and a magenta
contour from the VLA observation. The radius of each circle is
proportional to exp(δi). The color code shows the redshift devi-
ation of each galaxy member. Two regions with an assembly of
large circles represent a subcluster (blue bubbles) with a lower
velocity and a group (red bubbles) with a higher velocity. The
crosses and numbers indicate the position of bright galaxies. G1
and G3 are in the primary cluster, G2 is in the subcluster, and
G5 is in the group.
imum. CF2 and CF3 are the resultant sloshing CFs. The
merger and sloshing may also generate turbulence that could
reaccelerate the relativistic electrons to form a radio halo
(RH, e.g. Brunetti & Lazarian 2011; ZuHone et al. 2011).
(B) Later the western subcluster (SC) merges with the
PC. CF1 is caused by the ram-pressure stripping when the
CC of SC moves through the hotter ambient plasma of PC.
The merger drives a pair of merger shocks: SF1 and SF2.
The merger activities may also drive turbulence that helps
to develop the RH, because the CF2, CF3, and SF2 are
spatially correlated with the RH shown in Fig. 3.
(C) As the merger proceeds, the SFs move outward.
SF1 sweeps across the Gr and reaccelerates its seed rela-
tivistic electrons, which may be from AGN and star-forming
activities (e.g. van Weeren et al. 2017; Ge et al. 2019b).
These reaccelerated electrons then appear as a radio relic
(RR). There is no RR near SF2, possibly due to a lack of
seed relativistic electrons.
From optical kinematics, relative to the PC, the SC is
moving towards to us while the Gr is moving away from us.
Thus the merger axis is not in the plane of the sky. There
must be some projection. From radio observations, the RR
size is about 1.0 by 0.5 Mpc. With a size ratio of 2:1 and as-
suming a similar intrinsic relic extent in different directions,
van Weeren et al. (2012) argue for a viewing angle of ∼ 30◦
from edge-on, which is also consistent with the estimation
from the polarization fraction (Ensslin et al. 1998). Clarke
& Ensslin (2006) find an angle of 45◦ based on the similar
estimation of polarization fraction. Therefore, the merger
axis is likely at an angle of ∼ 30◦−45◦ from the plane of the
sky. The merger plane is rotated ∼ 30◦ in Fig. 9C to match
the results from optical kinematics and radio observations.
Clarke & Ensslin (2006) suggested the relic is likely on the
near side of the cluster, based on the low level of rotation
measure (RM) dispersion across the relic. However, Owen et
al. (2014) revealed more significant RM variations across the
relic, and concluded that the RM data no longer require the
relic to sit on the near side of the cluster. The merger kine-
matics and geometry indicate that the relic is more likely on
the far side of the cluster. This merger scenario can explain
some observed X-ray and radio features. Next, we focus on
the offset between relic and SF1.
There is a ∼ 150 kpc offset in projection between the
NW edge of RR and SF1 as shown in Fig. 3. The updated
deep VLA P-band image shows a similar offset between the
bright portion of the RR and SF1 (Owen et al. in prep).
The same radio data also show much fainter emission, down
by a factor of 10− 100 beyond this, reaching out to the
SF1 at least in some places. This faint region, reaching out
to SF1, was also seen by Clarke & Ensslin (2006) in their
lower resolution images (80′′, their Fig. 3) at 1.4 GHz. In the
Toothbrush cluster, Ogrean et al. (2013) found the N-NW
shock offset ∼ 1 arcmin (220 kpc) from the edge of the radio
relic based on a ∼ 70 ks XMM-Newton observation. How-
ever, such a “relic shock offset problem” is not strongly sup-
ported by combining the XMM-Newton and Chandra data
(van Weeren et al. 2016), although deeper X-ray data are
required to better understand the nature of the X-ray edges
they detected there. In the case of A2256, why is there an
offset between the bright portion of the radio relic and SF1?
There are several possible explanations (also see Ogrean et
al. 2013 for a similar discussion on the Toothbrush cluster).
(i) As shown in Fig. 10, geometry explanation is based on
some combination of shape of the relic and shock and pro-
jection effects. The surface of a classic bow SF is represented
as a spherical shell (e.g. Wang et al. 2018), part of surface is
traced by the relic where seed electrons are located, the other
part of surface is traced by the X-ray temperature and den-
sity jumps. Thus radio and X-ray may trace different parts
of shock front and the separation is from a projection ef-
fect. (ii) The separation may be from a “left behind” cloud
of seed electrons or a suddenly drop of magnetic field. This
explanation is unlikely because the cloud or magnetic field
should be swept up in post-shock flow and squeezed by shock
compression (e.g. Enßlin & Bru¨ggen 2002). (iii) While the
relic and the X-ray shock may both represent emissions of
an expansive shock pattern formed in response to the merg-
ers being experienced by A2256, such shocks in cosmological
simulations (in contrast to idealized binary or triple merger
simulations), can be quite complex (e.g. Hong et al. 2015),
not really spherical and highly variable in strength, lead-
ing the X-ray and radio shocks often to be rather distinct
with very different shock properties. Particle acceleration ef-
ficiency is highly biased to stronger ICM shocks where there
were pre-existing seed electrons, X-ray shocks are only vis-
ible when seen edge on and in relatively high density ICM
regions. The radio and X-ray features would then, in partic-
ular, highlight distinct portions of the shock structure. It is
possible that the detailed structures as seen in X-ray and ra-
dio are only loosely connected. The differences between these
structures therefore contain information which potentially
could be used to characterize the shock physics, including
the density and temperature structure, the magnetic field
evolution, and the acceleration of relativistic particles.
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Figure 9. A sequence of cartoon images for the merger scenario
discussed in Sec. 4.5. A: The passage of a group (Gr) through the
primary cluster (PC) perturbs its CC, and then drives sloshing
CF2 and CF3. The gas sloshing may generate turbulence near the
core. The radio halo (RH) is produced by the merger activities. B:
The western subcluster (SC) merges with the PC, CF1 is induced
by the ram pressure stripping when the CC of SC moving through
the hotter ambient of PC. The merger also drives a pair of shocks:
SF1 and SF2. C: The SF1 sweeps across Gr, and reaccelerates its
seed relativistic electrons, thus lights up the radio relic (RR). The
seed relativistic electrons of RR are mainly from AGN and star-
forming activities in galaxies of Gr. The merger plane likely is
oriented ∼ 30◦ to the plane of the sky.
Figure 10. Sketch shows a possible geometry of SF1 and RR
viewed in the plane of the sky. The SF1 is represented as a 3D
spherical shell. The RR is represented as a thin layer sticking on
the inner shell of SF1 that traces the underlying distribution of
seed electrons. After projecting this geometry on the plane of the
sky, the SF1 and RR have a apparent offset.
5 CONCLUSION
Based primarily on the Chandra and the XMM-Newton
data, combined with previous radio and optical data, we
find that A2256 is indeed a complex merging galaxy cluster
with many interesting features. Our main conclusions are
summarized here.
• We find five X-ray edges including three cold fronts in
cluster center and two shock fronts in cluster outskirts.
• A bay structure is seen in the primary cold front (CF1),
possible caused by the KH instability.
• A2256’s radio relic is the second brightest one among
all know relics. This work discovers an X-ray shock likely
associated with the radio relic. In the opposite direction, we
find an X-ray shock without a radio relic.
• The X-ray counterparts of radio sources and bright
galaxies are thermal coronae, AGNs, and their combinations.
• We derive an analytical formula (Eq. 5) to constrain
the magnetic field conveniently from the X-ray and radio
flux ratio.
• In the region of the radio relic (∼ 450 kpc from primary
cluster center and ∼ 270 kpc from the subcluster center), no
significant X-ray–radio correlation is found. From an upper
limit on the IC emission and assuming a homogeneous radio
relic, we set a lower limit for the magnetic field of B> 1.0 µG
for a single power-law electron spectrum or B > 0.4 µG for
a broken power-law electron spectrum,.
• Our updated analysis of the optical galaxy distribution
and kinematics are consistent with previous results and also
supports our merger scenario.
• Our merger scenario involves a primary cluster, a sub-
cluster, and a group, as well as accounting for the projection
effects. This scenario explains the X-ray edges and diffuse
radio features.
Theoretical models propose that the radio relics are in-
duced by the merger shocks. Among about twenty clusters
with detected X-ray shocks (e.g. Dasadia et al. 2016b; Bot-
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teon et al. 2018; Ge et al. 2019b), only a few clusters (e.g.
RXJ0334.2-0111; Dasadia et al. 2016a) are without radio
relics. While there are about forty clusters with radio relics
(e.g. van Weeren et al. 2019), nearly half of them do not have
X-ray shocks detected. There is an absence of one-to-one cor-
respondence between observed cluster relics and observed X-
ray merger shocks. Cluster formation simulations show that
these shocks are actually rather complex, and that the shock
strengths vary with location. Such simulations suggested a
resulting systematic bias for the radio relics to be associated
with the strongest portions (where the densities are lower so
that the shock speeds are higher), while the X-ray visible
shocks would be associated with the slower shock segments
where the densities are highest. Moreover, both the shock
Mach number and location may be different from X-ray and
radio observations (e.g. Hong et al. 2015). A sample study
of clusters with X-ray shocks or radio relics combined with
simulations will shed light on the connection between X-ray
shocks and radio relics, particle acceleration mechanism, as
well as origin of seed electrons.
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